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Abstract: 
 A series of tungstate bearing minerals including scheelite, stolzite ferberite, 
hübnerite, wolframite, russellite, tungstenian wulfenite and cuprotungstite have been 
analysed by Raman microscopy.  The results of the Raman spectroscopic analysis are 
compared with published data. These minerals are closely related and often have 
related paragenesis. Raman microscopy enables the selection of individual crystals of 
these minerals for spectroscopic analysis even though several of the minerals can be 
found in the same matrix because of the pargenetic relationships between the 
minerals.  The Raman spectra are assigned according to factor group analysis and 
related to the structure of the minerals. These minerals have characteristically 
different Raman spectra. The ν1(Ag) band is observed at 909 cm-1 and although the 
corresponding ν1(Bu) vibration should be inactive a minor band is observed around 
894 cm-1.  The bands at 790 and 881 cm-1 are associated with the antisymmetric and 
symmetric Ag modes of terminal WO2. The band at 695 cm-1 is interpreted as an 
antisymmetric bridging mode associated with the tungstate chain. The ν4(Eg) band 
was absent for scheelite. The bands at 353 and 401 cm-1 are assigned as either 
deformation modes or as r(Bg) and δ(Ag) modes of terminal WO2. The band at  
462 cm-1 has an equivalent band in the infrared at 455 cm-1 assigned as δas(Au) of the 
(W2O4)n chain. The band at 508 cm-1 is assigned as νsym(Bg) of the (W2O4)n chain.  
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INTRODUCTION 
 
 Raman spectroscopy has been applied to the study of many solid state 
tungstates [1-8]. Interest in the tungstates exists because of electronic and ferroelectric 
effects. Many solid state tungstates are used for generating laser lines [9-13].  
The preparation of mixed oxide powders in the system CdMoxW1-xO4 has been 
achieved and it was found that for x ≤ 0.25 virtually pure wolframite-type structures 
were formed whereas at x ≥ 0.75 virtually pure scheelite-type structures were formed. 
Furthermore Raman spectroscopy is regularly used to study the effects of 
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incorporating a large diversity of metals for example of interest for catalysis and 
alkaline and rare earth elements. In situ X-ray diffraction and Raman spectroscopy in 
diamond anvil cells has been applied to study phase transitions in scheelite-type 
materials as a function of pressure.  However there have been few studies of the 
naturally occurring tungstate minerals [14-19]. 
 
Ross reports the position of the bands for the tetrahedral oxo-anions in 
aqueous systems [20].  The ν1 symmetric stretching mode of the aqueous tungstate 
anion is observed at 931 cm-1; the ν3 antisymmetric stretching mode at 833 cm-1; the 
ν2 bending mode at 405 cm-1 and the ν4 bending modes at 318 cm-1. Farmer reports 
the spectral data of scheelite, stolzite and raspite [21]. The Raman spectrum of 
scheelite reported by Farmer gave ν1 as 922 cm-1; ν3 815 and 772 cm-1; ν2 as 334 cm-1 
and ν4 as 298 and 262 cm-1.   Some discrepancy exists between the bands in the 
infrared spectrum of scheelite where ν2 is given as 428 and 408 cm-1; and ν4 as 330 
and 290 cm-1. Herein lies a dilemma ; the question arises as to whether ν2 (E) lies 
above ν4 (F2) in the solids as it does in the solution [22, 23]. It is questionable whether 
this assignment is correct.  The infrared spectrum of stolzite gave ν3 as 815 and 772 
cm-1; ν2 as 382 cm-1 and ν4 as 298 and 262 cm-1.  The published data is summarised in 
Table 1.   Griffith also reported the spectra of some tungstate bearing minerals [18].  
Included were the tungstate bearing minerals ferberite (Fe2+WO4), hübnerite 
(Mn2+WO4) and wolframite, the mixed solid solution mineral.  Interestingly Farmer 
comments that the condensed octahedra of the wolframite group are clearly 
distinguished from the isolated tetrahedra of the scheelite group by an infrared band at 
600 cm-1 [21].  A study of scheelite, wulfenite and wolframite has been undertaken 
[14].  More recently Crane et al. reported the spectra of tungstenian wulfenite-I4 
("chillagite") crystallizes in the closely related tetragonal space group I4 [24].  As part 
of our interest in the spectroscopic studies of oxyanions, we report a comparative 
study of some common and rare selected tungstates.  
 
Minerals: 
The minerals were checked for phase composition using X-ray diffraction and 
for chemical composition using the electron probe. 
 
Stolzite was collected from the Propriety Mine, Broken Hill, NSW, Australia 
Stolzite - Cordillera Mine, near Cordillera, New South Wales, Australia                    
Scheelite was collected from the Propriety Mine, Broken Hill, NSW, Australia 
Scheelite Single crystals from Obrí dül, former C.S.S.R 
Raspite originated from the Cordillera Mine, Peelwood, Australia 
Cuprotunstite sample M18015 originated from the Cordillera Mine, Peelwood, 
Australia 
Cuprotunstite sample M4680 originated from the Cordillera Mine, Peelwood, 
Australia 
Cuprotungstite - 1/2 Mi. N. of Crystal Peak Guard Station, Sierra County, California       
Cuprotungstite - Wilson Consolidated Mine, Gold Hill District, Tooele County, Utah       
Hübnerite and ferberite were synthesised in the laboratory   
Electron Probe microanalysis 
 
The electron probe uses the characteristics X-ray generated from the 
interaction between the electron beam and the sample to identify elemental 
composition of the sample. Selected arthurite samples for electron probe were coated 
with carbon to provide a good conducting surface. The EPMA analyses were done on 
the Jeol 840 A Electron probe microanalyser at 20KV, 39mm working distance. Three 
samples were embedded in Araldite, polished with diamond paste on Lamplan 450 
polishing cloth with water as lubricant.  The Moran EDS software was used to 
analyze the samples in the fully standard mode. The secondary electron images were 
taken from the Jeol 35CF Scanning Electron Microscope, at 15 KV using Image Slave 
software to capture the image.  
Raman microprobe spectroscopy 
 
The crystals of the tungstate minerals were placed and oriented on a polished 
metal surface on the stage of an Olympus BHSM microscope, which is equipped with 
10x and 50x objectives. The microscope is part of a Renishaw 1000 Raman 
microscope system, which also includes a monochromator, a notch filter system and a 
thermo-electrically cooled Charge Coupled Device (CCD) detector. Raman spectra 
were excited by a Spectra-Physics model 127 Nd-Yag laser (785 nm) and acquired at a 
nominal resolution of 2 cm-1 in the range between 100 and 4000 cm-1. The crystals 
were oriented to provide maximum intensity. All crystal orientations were used to 
obtain the spectra. Power at the sample was measured as 1 mW. The incident radiation 
was scrambled to avoid polarisation effects. 
 
Spectracalc software package GRAMS. Band component analysis was 
undertaken using the Jandel ‘Peakfit’ software package, which enabled the type of 
fitting function to be selected and allows specific parameters to be fixed or varied 
accordingly. Band fitting was done using a Gauss-Lorentz cross-product function with 
the minimum number of component bands used for the fitting process. The Gauss-
Lorentz ratio was maintained at values greater than 0.7 and fitting was undertaken 
until reproducible results were obtained with squared regression coefficient of R2 
greater than 0.995. 
RESULTS AND DISCUSSION 
 
Electron microscopy of cuprotungstite 
The electron micrograph of a cuprotungstite from The Cordillera Mine, NSW, 
Australia is shown in Figure 1.  The mineral is tetragonal with an emerald green 
appearance.  Figure 2 shows the compositional analysis of the cuprotungstite. The 
mineral odes contain some Ca and may be better described as a cuprianscheelite.  It is 
possible that the cupriantungstite was formed from a scheelite and the paragenesis of 
the cupriantungstite results in a variable composition which does not necessarily 
conform to the general formula, xCaWO4.yCu2WO4(OH)2. 
Theory 
 
Minerals with a scheelite structure like scheelite itself and wulfenite have 
point group S4 and space group C64h.   For the Raman active modes, group theory 
leads to the representation Гi = 3Ag + 5Bg + Eg.  This leads to seven internal modes 
namely (a) the stretching vibrations: ν1 (Ag), ν2(Bg), and ν3(Eg) (b) bending modes: ν2 
(Ag), ν2(Bg), ν4(Bg) and ν4(Eg).  There are six external modes namely two rotational 
modes of Ag and Eg symmetry and four translational modes namely 2Bg and 2Eg.   
The crystal structure resembles that of zircon and therefore the WO4 and MoO4 
groups should show seven bands in the Raman spectra, two components each of ν3 
and ν4. The scheelite structure has been shown to be one of the few for which the 
correlation splitting of the internal modes has been observed. This results in ν1: Ag(R) 
+ Bu(inactive), ν2: Ag + Bg(R) +Au(ir) +Bu, ν3, ν4: Bg + Eg(R) + Au(ir) + Eu(ir).   
 
Raman spectroscopy 
 
The major source of tungsten is the minerals scheelite, CaWO4, and 
wolframite (Fe,Mn)WO4. Depending on the size of the counter-cation tungstates can 
crystallize in either the scheelite or the wolframite structure. Scheelite structures with 
the tungsten in tetrahedral coordination are formed with large bivalent cations like Ca, 
Ba, Pb and Sr. Alternatively with smaller bivalent cations (Fe, Mn, Co, Ni, Mg, Zn) 
the wolframite structure will be formed with the tungsten in octahedral coordination. 
Wolframite is the more important of these two minerals and commonly occurs as 
short, brownish black, monoclinic, prismatic, bladed crystals. It forms an intermediate 
in the continuous series between the iron tungstate ferberite and the manganese 
tungstate hübnerite. Generally, wolframite is found associated with quartz in veins in 
the peripheral areas of granitic bodies, deposited by hydrothermal solutions. 
Wolframite can also be found in veins containing sulfide minerals such as pyrite, 
chalcopyrite, arsenopyrite, and bismuthinite, together with molybdenite and 
cassiterite. 
 
The Raman spectra of scheelite, stolzite, russellite and cuprotungstite at 298 
are shown in Figures 3 and 4 respectively.  Figure 3 shows the WO4 stretching region 
and Figure 4 the low wavenumber region. 
 
The scheelite spectrum largely resembles the spectra reported in the literature, 
but there are minor bands not reported by Ross [20]. The results of the band 
component analysis are reported in Table 1. The ν1(Ag) band is observed at 909 cm-1 
and although the corresponding ν1(Bu) vibration should be inactive a minor band is 
observed around 894 cm-1. It may be possible that this band is visible as a weak band 
due to strain in the crystal causing activation of this band.  The ν2(Ag) vibration is 
observed as a strong band at 330 cm-1 accompanied by a weak ν2(Bg) at 400 cm-1 and 
the ν2(Bu), which is expected at 428 cm-1 as a very weak band, is absent. The ν3(Bg) 
vibration is located around 836 cm-1, whereas the ν3(Eg) is found at 795 cm-1. Finally, 
the ν4(Bg) vibration is found at again 330 cm-1 thereby completely overlapping with 
the ν2(Ag) vibration. The ν4(Eg) is absent in this spectrum although Ross  reports this 
band at 409 cm-1.  The bands at 193, 208, 271 and 927 cm-1 have not been previously 
reported. The band around 271 cm-1 may be the equivalent of the infrared active 
ν4(Au) activated due to strain in the crystal. However, Daturi et al.  assign a similar 
band at 273 cm-1 as a Raman active ν(Bg) mode for scheelite-type CdMoO4. The 
bands at 193 and 208 cm-1 can be assigned to translational modes ν(Ca-O) and the 
193 cm-1 band maybe also as a translational mode of the WO4 group [7]. The band at 
927 cm-1 can be interpreted as the symmetric ν(WO4) similar to the bands observed at 
931 cm-1 observed by Daturi et al. and 928 cm-1 by Hanuzi et al. [5, 6, 25]. In a more 
recent paper however, Hanuzi et al. report a different assignment. Here, they interpret 
this band as a combination band without further explanation [14].   
 
Wulfenite has a structure comparable to scheelite with the W being replaced 
by the slightly smaller Mo and the Ca being replaced by Pb. The assignment of the 
various bands in the region between 300 and 1000 cm-1 closely follows the 
assignments valid for the scheelite spectrum as discussed above. The band around 871 
cm-1 is the ν1(Ag) while the very weak shoulder at 858 cm-1 represents the strain 
activated ν1(Bu) infrared band. The two ν2 modes are observed at 319 cm-1 (Ag) and 
351 cm-1 (Bg). For the ν3(Eg) Ross reports two values for wulfenite around 748 and 
772 cm-1, which agrees well with the values observed in this study of approximately 
745 and 768 cm-1 [20].  For the scheelite type structure, the band at 768 cm-1 is 
assignable to the Bg symmetric mode and the 745 cm-1 band to the Eg vibration.  For 
CdMoO4 however only one band is observed around 759 cm-1. The spectra are 
orientation dependent. This accounts for differences in spectra reported by different 
authors. 
 
Wolframite, (Fe,Mn)WO4, is characterized by the tungsten in six-coordination 
compared to scheelite, which has tungsten in four-coordination.  Band component 
analysis of the broad band centred on 200 cm-1 reveal the presence of three different 
modes at 199, 205 and 236 cm-1. The first and the last of these three bands have been 
described before for ZnWO4 at 199 cm-1 as ν(Ag) involving the Zn cation  and for 
CdWO4 at 229 and 248 cm-1 assigned as out of plane modes and lattice modes. 
Therefore these three bands for wolframite are assigned as (Fe,Mn)-O lattice modes. 
Bands are observed for synthetic ferberite at 281 and 215 cm-1 and for synthetic 
hübnerite at 255, 202, 174, 161 and 126 cm-1. The band at 260 cm-1 is interpreted as 
being identical to the 269 and 276 cm-1 bands for CdWO4 and ZnWO4, which was 
assigned as the νdef(Ag) of the  cationic sublattices. Fomichev & Kondratov  ascribed 
the bands at 353 and 401 cm-1 as deformation modes, whereas Daturi et al. assign 
these bands as the r(Bg) and δ(Ag) modes of terminal WO2 groups [7, 26]. The very 
strong band at 462 cm-1 and the weak shoulder at 484 cm-1 do not seem to have 
equivalent bands in the Raman spectra of either ZnWO4 or CdWO4. However, for 
CdWO4 an infrared band has been reported at 455 cm-1, which was assigned as the 
δas(Au) of the (W2O4)n chain. The band around 508 cm-1 can without doubt be 
assigned as the νsym(Bg) mode of the (W2O4)n chain or, what actually means the same, 
as the W-O-W bridging mode [7, 26]. The band is observed at 509 cm-1 for hübnerite. 
It is however striking that the associated symmetric mode of Ag is absent in the 
wolframite spectrum. It is not clear whether the 695 cm-1 band observed for 
wolframite equivalent is to the νas(Ag) or νas(Bg) mode of the (W2O4)n chain observed 
at 687 and 706 cm-1 respectively for CdWO4 or at 676 and 710 cm-1 for ZnWO4. The 
band is observed at 697 cm-1 for hübnerite and at 702 cm-1 for ferberite. So, at this 
stage the band at 695 cm-1 is interpreted as an antisymmetric bridging mode 
associated with the tungstate chain. The two remaining bands around 790 and 881  
cm-1 are thought to be associated with the antisymmetric and symmetric Ag modes 
respectively of the terminal WO2 groups similar to those observed for CdWO4, 
whereas the origin of the band 806 cm-1 remains unclear.  Additional bands were 
observed at 193, 208 and 271 cm-1, assigned as translational modes of Ca-O and WO4. 
Similarly, bands at 190 and 166 cm-1 are assigned as translational modes of Pb-O and 
MoO4 for wulfenite. Wolframite shows (Fe,Mn)-O lattice modes at 199, 205 and 236 
cm-1. The band at 260 cm-1 is assigned as νdef(Ag) of the  cationic sublattices.   
 
 Cuprotungstite was obtained from a number of deposits. Figure 3 shows the 
spectra of two of these samples.  The first spectrum shows the ν1 symmetric stretching 
mode of the WO6 units at around 926 cm-1. The second spectrum shows two bands at 
928 and 905 cm-1.  A broad band is observed for the first cuprotungstite at 769 cm-1 
whereas two bands are observed for the calcium bearing cuprotungstite at 765 and 
751 cm-1.  These bands are thought to be associated with the antisymmetric and 
symmetric Ag modes respectively of the terminal WO2 groups.  The band at 415 cm-1 
is attributable to the ν4(Eg) mode.  Chillagite is the solid solution of the tungstate and 
molybdates of lead and as such the Raman spectra resembles the combination of the 
spectra of stolzite and wulfenite. Hence two ν1 modes are observed. The ν1(Ag) band 
of the WO4 is observed at 906 cm-1 and the band at 870 cm-1 is the ν1(Ag) of the MO4 
unit.  These two bands make up 35 and 45% relative intensity of the band profile in 
the 750 to 950 cm-1 region. Thus it is suggested that the chillagite contains 56% MO4 
and 44% WO4.  Such minerals have been synthesized and their spectra measured as a 
function of percentage composition. Multiple low intensity bands are observed in the 
740 to 780 cm-1 region.  The two bands are observed at 767 and 747 cm-1 and are 
assigned to ν3(Bg) and ν3(Eg) modes of wulfenite in the solid solution respectively.  A 
band is also observed at 757 cm-1 and is assigned to the ν3(Eg) mode of MO4.  The 
two bands observed at 355 and 323 cm-1 correspond with the two ν2 modes (Ag) and 
(Bg).   
 
 The mineral russellite (Bi2WO6) is isostructural with the bismuth molybdate 
mineral koechlinite (Bi2MoO6). Russellite is orthorhombic, Pca21 [27].  The structure 
consists of layers of tilted WO6 octahedra sandwiched between layers of bismuth and 
oxygen with the tungsten displaced from the centre of the octahedron by 0.278 Å. It 
has been found that the orientations of the lone-pair electrons in the Bi3+ cations have 
been inferred from the 3.0 Å coordination shells of both crystallographically 
independent bismuths, and have been found to be non-centrosymmetric, an effect 
which may give rise to the tilting of the WO6 octahedra.  The Raman spectra of 
russellite show an intense band at 795 cm-1 with bands of lesser intensity at 844, 716 
and 667 cm-1.  The band around 795 cm-1 is the ν1(Ag) and the band at 844 cm-1 may 
be assigned to the ν3(Eg) mode. The two remaining bands around 716 and 667 cm-1 
are thought to be associated with the antisymmetric and symmetric Ag modes 
respectively of the terminal WO2 groups.  Low wavenumber bands are observed at 
405, 349, 324, 284 and 263 cm-1.  No spectroscopic data was available for russellite 
so no comparisons could be made.   
 
CONCLUSIONS 
 
 The tungstate bearing minerals cuprotungstite was studied by scanning 
electron microscopy and compositionally analysed by EDX methods using an electron 
probe before Raman spectroscopic analysis.  Raman spectroscopy has been used to 
characterise a series of tungstate containing minerals including raspite, russellite, 
cuprotungstite and a comparison is made with the Raman spectrum of the more 
common minerals scheelite and stolzite.  The Raman spectra are assigned according 
to factor group analysis and related to the structure of the minerals. These minerals 
have characteristically different Raman spectra. 
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